Objective: To evaluate the amino acid pro®le in a group of adolescents with anorexia nervosa, and to apply alternative ways of presenting and assessing results, so as to increase the information available for understanding the metabolic abnormalities developed in these patients. Design: Plasma amino acid concentrations of a random group of patients with anorexia nervosa compared with values obtained from a`healthy' adolescent population. Setting: The study was performed at the tertiary children's Hospital Sant Joan de De Âu. Subjects: Female adolescents (n 92, age: 15 AE 1.8 y) at diagnosis of anorexia nervosa. Reference values for amino acids were obtained from apparently healthy adolescents (by history and analytical data) who underwent presurgical analysis for minor operations. Interventions: Plasma amino acid concentrations were measured by ion exchange chromatography. Basic laboratory analysis, carnitine and IGF-I were also determined. Results: In anorexic patients plasma concentrations of taurine, asparagine, glutamine, glycine, methionine, phenylalanine, ornithine, and histidine were signi®cantly higher than reference values (Mann-Whitney, P`0.01±0.0001), whereas arginine and cystine were lower than our reference values (P`0.0001). Relative amino acid values (the molar fraction of the patient medians relative to control medians) were plotted. The ratios of some amino acids were signi®cantly greater than those obtained from the reference population: Phe/Tyr (P`0.001), Met/Cys (P`0.0001), and Gly/Val (P`0.01). Conclusions: A trend to hyperaminoacidemia is a common feature in anorexia nervosa. Although absolute amino acid values cannot play a signi®cant role in the assessment of nutritional status in this condition, the calculation of some ratios (Phe/Tyr, Met/Cys and Gly/Val) and the graphical representation of relative values may be useful. The plasma amino acid pro®le in anorexia nervosa is different from those of other severe malnutrition states, showing a marasmic pattern of balanced protein±energy undernutrition. Cystine and arginine may be considered limiting amino acids in this disease, and the consequences of their de®cient concentrations for oxidative damage should be further evaluated.
Introduction
Anorexia nervosa is an eating disorder that affects mostly female adolescents. It is characterized by a distorted body image leading to an excessive food restriction that results in a marked loss of weight. The biochemical evaluation of the nutritional status is very useful at diagnosis and for the follow-up, allowing for a more speci®c identi®cation and treatment of de®cient factors which results in a shorter and more ef®cient recovery (Nussbaum, 1992; Madruga, 1993) . However, in spite of being a severe nutritional disorder, it is associated with rather mild abnormalities of the classical parameters of malnutrition (Schebendach & Nussbaum, 1992; Halmi et al, 1987) . Although amino acid and protein metabolism have commonly been considered to lie at the center of the metabolic complexities of severe undernutrition (Jackson & Grimble, 1990) , few reports of amino acid patterns in anorexia nervosa have been published (Halmi et al, 1987; Schweiger et al, 1986; Schreiber et al, 1991) .
Plasma free amino acid concentrations express the balance between uptake (exogenous from the diet and endogenous by proteolysis and synthesis from other metabolites) and utilisation (protein synthesis and amino acid catabolism, unusual losses in stool and urine), which are in¯uenced by hormonal factors and by the availability of vitamins and cofactors involved in intermediary metabolism. The interpretation of plasma amino acid patterns depends on the knowledge of their metabolism during various physiologic and pathologic states (Oberholzer & Briddon, 1990) .
Our aim was to evaluate the amino acid pro®le in anorexia nervosa. We tried to apply alternative ways of presenting and assessing results, both statistically and graphically (Parvy et al, 1995; Briddon, 1996) in order to describe altered pro®les, and even to detect subtle changes that would allow us to understand secondary metabolic disturbances in this severe nutritional disorder, and compare them to those of other malnutrition states (Holt et al, 1963; Roediger, 1995; Hortin et al, 1994; Byrd et al, 1993; Bremer et al, 1981) . Moreover, we tried to express quantitative amino acid results in the most informative way for the understanding of the metabolic abnormalities developed in these patients.
Materials and methods

Subjects
Female adolescents (n 92, age: 15 AE 1.8 y) with anorexia nervosa diagnosed according to the criteria of the American Psychiatric Association (1994) were recruited. Amino acids were analysed at diagnosis as part of the basic laboratory evaluation of their nutritional status, which included complete blood count, electrolytes, serum total protein, albumin, transthyretin, hepatic and renal function, insulin-like growth factor (IGF-I; radioimmunoassay), and total and free carnitine (Artuch et al, 1997) . The duration of the illness ranged from 9 ±12 months when the adolescents came at the Hospital and were diagnosed of anorexia on clinical grounds. Weight loss ranged from 15±25% of normal for the patient's height. Body mass index (BMI) calculated as weight divided by the square of the height (kg/m 2 ) was 17(12±19) [median (range); normal Spanish adolescents 17.5±24 (Herna Ândez et al, 1985) ]. All patients were amenorrheic at the moment of the study. Patients with bulimia were not included in the study. Reference values for amino acids were simultaneously obtained from healthy female adolescents (by history and analytical data) (n 52; age: 15 AE 2.5 y), who underwent presurgical analysis for minor operations. Samples from patients and reference group were obtained in accordance with the Helsinki Declaration of 1975, as revised in 1983. All subjects (and parents, where appropriate) gave informed consent and the study was approved by the Ethical Committee of the Hospital.
Specimens
Venous blood was obtained from patients with anorexia nervosa and reference population at 8:00 am after an overnight fast. The samples for amino acid analysis were collected in Venoject tubes containing EDTA, placed in melting ice, centrifuged within 15 min (2000 g, 10 min at 4 C), and rapidly separated. After addition of the internal standard (L-Norleucine at a ®nal concentration of 0.1 mmol/L), deproteinization was performed (within the next few minutes) with 50 mg of solid sulphosalicyclic acid per mL plasma, mixed thoroughly, cooled at 4 C for 30 min, and centrifuged at 2000 g, 10 min at 4 C. The supernatant was stored at 740 C. Samples were analysed within two weeks. Before analysis the supernatant was thawed and the pH adjusted to 2.2 with 0.3 mol/L lithium hydroxide. After ®ltration through a membrane ®lter (Millipore 0.2 mm) the sample was loaded into a 80 ml vial with the loading buffer (pH 2.2).
Reagents
Commercial standard solutions for basic, neutral and acidic amino acids, and L-Norleucine were obtained from Sigma Chem. Corp. (Saint Louis, MO, USA). 5-Sulphosalicylic acid dihydrate was purchased from Merck (Darmstadt, Germany). Lithium citrate buffers, ninhydrin, and lithium hydroxide from Pharmacia LKB Biochrom Ltd (Cambridge, England).
Instrument
The amino acid analyser was an Alpha Plus 4151 (Pharmacia LKB Biochrom). Data processing was performed on a Compaq Prolinea 4 33/s with an Ezchrom TM Chromatography Data System (Scienti®c Software, Inc., San Roman, CA, USA). Amino acids and urea were separated on a 200 6 4.6 mm high performance lithium column (4151 UltrapacÐPharmacia LKB Biochrom). Chromatographic conditions and elution programme were performed according to the manufacturer's instructions. Amino acids were detected following a color reaction with ninhidrin and measured spectrophotometrically at 570 nm and at 440 nm. The samples were kept in an autoloader at 4 C. Amino acids were quanti®ed after calibration with the standard solution, and internal standard correction. The day to day coef®cients of variation for individual amino acids in a reference plasma sample ranged between 3 and 6%.
Expression of results
Amino acid results were expressed in absolute values (mmol/L) as the median (range) for the patients and reference values. The sums of total, essential and non-essential amino acids were calculated (Table 1) . Relative values were calculated in two different ways: (A) as the molar fraction of control values for each amino acid (Byrd et al, 1993) , and (B) as the ratio of each amino acid concentration to the sum of total amino acids of patients related with the same for the reference values (Parvy et al, 1995) . Relative values (A) were plotted in diagrams ( Figure 1 ).
Ratios between certain amino acids or groups of amino acids which are metabolically related were calculated: Phe/ Tyr (indicating a catabolic condition) (Wannemacher et al, 1976) , Gly/SBCAA (SBCAA; sum of branched chain amino acids; indicator of protein intake) (Oberholzer et al, 1990) , Ala/SBCAA, Ala/Val (indicators of energy threonine, valine, methionine, isoleucine, leucine, phenylalanine, lysine. b includes the other amino acids. *P`0.01; **P`0.001; ***P`0.0001 (Mann-Whitney).
Plasma amino acids in anorexia nervosa D Moyano et al content of the intake) (Oberholzer et al, 1990) , Gly/Val (index of protein malnutrition) (Arroyave, 1970) , Met/Cys (indicator of sulfur metabolism) (Roediger, 1995; Ghisol® et al, 1978) .
Statistical analysis
The Kolmogorov-Smirnov test was used to study the distribution of values. Since amino acid concentrations were not normally distributed, a non-parametric MannWhitney test was used to compare patient and reference values, and the 95% con®dence interval calculated. The Spearman linear regression coef®cient was used to establish the relationship between BMI and some amino acid levels and amino acid ratios in the patient group. Statistical analysis was performed with Statgraphics Statistical Graphics System, version 6.0.
Results
Basic laboratory evaluation (blood count, electrolytes, serum total protein, albumin, transthyretin, hepatic and renal function) showed no signi®cant differences between patient and reference values, except for IGF-I that was signi®cantly low in anorexic adolescents (patients: 308 (36 ±728) ng/ml, reference range: 377(165 ±790) ng/ml (P`0.003). Plasma free and total carnitine were also assayed in the patients (Artuch et al, 1997) and showed values that are within the reference range. Plasma amino acid concentrations in patients with anorexia nervosa at diagnosis were in general near the upper limit of the reference values. However, values for cystine and arginine were lower than the reference values. Anorectic patients had signi®cantly higher concentrations of taurine, asparagine, glutamine, glycine, methionine, phenylalanine, ornithine, histidine, and signi®cantly lower concentrations of arginine and cystine than the reference group (Table 1) .
The sums of total and non-essential amino acids were signi®cantly higher in patients compared to the reference population (P`0.001±0.0001), although in most cases they were also within limits of the reference values. No signi®cant differences were found in the sums of essential amino acids between patients and the reference values (Table 1) .
Since the distributions of plasma amino acid concentrations were not normal, relative amino acid values were calculated from the medians of patients and reference values. Both diagrams A and B (see methods) present a similar pattern so here we only show the molar fraction of the patient medians relative to reference values medians (Figure 1) .
The following ratios were signi®cantly higher than those of the reference values (Mann-Whitney): Phe/Tyr (P`0.001), Met/Cys (P`0.0001) (Figure 2) , and Gly/ Val (P`0.01). However, their values overlap with the reference values in most cases. Plasma free and total carnitine [33(26 ± 45), 44(33 ± 60) mmol/L, respectively] were within the reference range [34 (26 ± 48), 45 (33 ± 58) mmol/L], and were not signi®cantly different compared to our reference population.
Discussion
Determination of free amino acids in plasma by ion exchange chromatography and post-column ninhydrin detection is the analytical method most commonly used in clinical and nutritional research (Walker & Miles, 1995) , and is considered as the reference method (Briddon, 1996) . However, results vary widely among laboratories (Parvy et al, 1993) , owing to pre-measurement and methodologic factors (De Jonge et al, 1996) , such as fasting state, time of sampling, deproteinization, and storage conditions. Therefore, the interpretation of the subtle differences found in some nutritional disturbances requires the comparison with sex and age-matched reference values obtained in the same conditions as patients' samples. Moreover, amino acid pro®les are complex, so presenting results as a simple list of concentrations may be an inadequate basis for interpretation, as subtle changes may be missed (Briddon, 1996) . Diagrammatic presentation of relative values (Briddon & Oberholzer, 1987; Byrd et al, 1993; Parvy et al, 1995) has the advantage of emphasizing abnormal results, thus showing major and even minor abnormalities. On the other hand, ratios of certain amino acids or groups of metabolically related amino acids may increase the amount of information available for the followup of patients (Vilaseca et al, 1994) , the detection of subtle abnormalities (Briddon, 1996) and the investigation of secondary disturbances, such as the nutritional changes detected in anorexia nervosa (Schreiber et al, 1991) .
Surprisingly, slight hyperaminoacidemia is a common feature in these group of anorectic adolescents in spite of their severe malnutrition as re¯ected by their body mass index and IGF-I values. Their amino acid pattern is similar to that of the control population. Essential amino acids are conserved or even signi®cantly higher (phenylalanine and methionine). Most non-essential amino acids are elevated (some of them signi®cantly) or normal, while cystine and arginine are signi®cantly lower than reference values (Table 1 ). In our study and as stated also by other authors (Felig et al, 1969) , lumping amino acids into essential and non-essential groups and calculating the ratio between these groups during starvation would fail to consider the divergent response of some amino acids. Therefore, the Whitehead ratio of non-essential/essential amino acids did not enhance interpretation as applied to our anorexic adolescents (Whitehead & Dean, 1964) , although it did in another one dealing with adult anorexic patients (Halmi et al, 1987) . The interpretation of the pattern of adaptive response of plasma amino acids to anorexia is dif®cult because it is the result of intermediary metabolism in visceral and peripheral tissues under the in¯uence of a range of hormones (Jackson & Grimble, 1990; Soliman et al, 1992) . Although it is known that plasma amino acids are more closely related to recent energy and protein feeding than to nutritional status (Ghisol® et al, 1978) , levels in our anorectic patients were evaluated at diagnosis (restricting, before nutritional rehabilitation). Moreover, nutritional rehabilitation is very dif®cult in anorexia owing to the psychologic resistance to treatment of these adolescents.
Peripheral tissue breakdown to support visceral protein synthesis, and to provide substrates for gluconeogenesis, and for energy synthesis, explains the decrease in the BMI observed in anorexia nervosa. The slight increase in plasma amino acid concentrations might be the result of their release from skeletal muscle to provide mainly energy substrates, since glycogen and fat stores are depleted, and gluconeogenetic activity is reduced owing to the adaptive changes caused by prolonged low energy intake. The low insulin (Schreiber et al, 1991) and high cortisol (Fisher, 1992) concentrations found in anorexic patients might support the metabolic basis for high-normal plasma amino acid concentrations, which are found also by other authors in marasmus (Soliman et al, 1992) .
Alanine and glutamine are involved in shuttling the nitrogen from branched-chain amino acids to the liver, intestinal mucosa and kidney. Other protein amino acids, such as the aromatic ones, are also released in muscle breakdown caused by a catabolic state (Castillo et al, 1994) . Tyrosine and phenylalanine are extensively catabolized in the liver, because of the hepatic localization of phenylalanine hydroxylase and tyrosine amino transferase, but tyrosine is more rapidly cleared from the plasma than phenylalanine (Wannemacher et al, 1976) . This explains the high phenylalanine concentration (Table 1) and Phe/Tyr ratio found in these patients (Figure 2) (Ghisol® et al, 1978) .
The high plasma glutamine and ornithine concentration contrasts with the low arginine values, suggesting a dysfunction of the urea cycle (Morsy et al, 1994) . This is consistent with a conservation of nitrogen by a decrease in urea cycle activity. This may occur due to an impaired activation of N-acetylglutamate synthetase which requires arginine, and in part to the insuf®cient synthesis of enzymatic proteins of the urea cycle owing to a reduced protein intake (Brusilow & Horwich, 1995) . This observation, together with the signi®cant increase in absolute glycine values (Halmi et al, 1987) , as well as in the Gly/Val ratio suggest that these patients restrict not only energy, as is commonly thought, but also proteins in their strictly selfcontrolled diets, resulting in an undernutrition similar to marasmus (Madruga et al, 1993) . The low arginine concentration might also have other consequences, because this amino acid is a precursor for the synthesis of creatine and nitric oxide. In the presence of suboptimal concentrations of arginine, nitric oxide synthase forms superoxide (Heinzel et al, 1992) , that reacts avidly with nitric oxide to form peroxinitrite (Heales et al, 1996) . Excess free radical production by this and other mechanisms might be a further factor causing cellular damage in anorexia (Roediger, 1995) .
Ornithine originates not only from arginine but also from glutamate and proline in the intestine. The high glutamine concentration, apart from its gluconeogenic function, might have a bene®cial action at the gastrointestinal mucosa and on the immune system (Calder, 1994) , that might contribute to the low rates of infection in these patients (Madruga et al, 1993) , in contrast with other malnutrition states (Jackson & Grimble, 1990) .
Sulfur amino acids, that are the ®rst limiting compounds in many diets, also show here a different pattern to that reported in other malnutrition states (Roediger, 1995) . Methionine, taurine, and homocysteine are high, while cystine is signi®cantly lower in our study (Table 1) , in spite of the rapid processing of the samples from both patients and controls (see Methods). The ratio Met/Cys is signi®cantly elevated, as reported also in severe malnutrition (Ghisol® et al, 1978) . Activation of the metabolism of cysteine to taurine may explain these results (Hortin et al, 1994) . However, cystine depletion may also be caused by increasing demands for the synthesis of glutathione, a tripeptide that is the substrate for the antioxidant enzyme system (Roediger, 1995) , and showed very low values in these patients (data not shown). In fact, investigation of the antioxidant status in our anorexic patients showed signi®cantly lower concentrations of erythrocyte tocopherol and an abnormal catalytic activity of antioxidant enzymes (superoxide dismutase, catalase) compared to reference values . This Plasma amino acids in anorexia nervosa D Moyano et al suggests an increased free radical generation and a probable adaptive scavenging effort of the antioxidant system to cope with it. The different results observed in cystine concentration and Met/Cys ratio in anorexic adults (Halmi et al, 1987) might be explained by different requirements for sulfur amino acids in adolescence, different habits and diets in diverse geographical areas, and also by the reduced number of anorexic adult females included in the study (Halmi et al, 1987) .
Normal plasma concentration of methionine and lysine together with muscle carnitine release results in normal concentrations of free and total plasma carnitine observed in these patients. These results contrast with the low plasma carnitine concentrations found in other malnutrition states (Pons & de Vivo, 1995) .
The two diagrams of relative values were similarly informative for the assessment of anorexic patients, but the molar fraction of controls for each amino acid is the most simple calculation (Figure 1 ). Minimal changes of amino acid pro®le were clearly detected using diagrams of relative values.
Regarding the amino acid ratios, only Phe/Tyr, Met/Cys (Figure 2) , and Gly/Val, were signi®cantly altered in our patients with anorexia. 53% of patients showed Phe/Tyr ratio higher than the 90th percentile of the reference values, while 25% and 23% of patients had Met/Cys and Gly/Val, respectively, higher than the 90th percentile of the reference values. Only 14% of patients showed both Phe/Tyr and Gly/Val ratios higher than the 90th percentile of the reference values. Therefore, these ratios yield additional information to the absolute values. However, since they do not predict the anorexic group, they do not constitute an effective tool for diagnosis. In spite of being an index of muscle catabolism (Phe/Tyr) and malnutrition state (Gly/ Val), no correlation has been found between these ratios and the BMI, although the BMI positively correlates with IGF-I in these patients (r 0.339; P`0.008). This may be because the BMI expresses not only protein but also fat and other body metabolic stores.
It is dif®cult to evaluate differences in malnourished states caused by insuf®cient feeding, because they are complex pathologies usually combined with infection and enteropathy. Moreover, different causes of malnutrition such as renal (Ceballos et al, 1990) or liver failure (Byrd et al, 1993) , cancer cachexia (Piters & Brennon, 1990) , HIV infection (Hortin et al, 1994) might also contribute to differences in amino acid patterns. However, a decline in total amino acids, essential and non-essential (except for glycine) seems to be the most generalized abnormality in severe undernutrition (Bremer et al, 1981) . Increased phenylalanine concentration is a common feature in many malnourished states associated with muscle catabolism, such as severe liver and renal failure, cancer cachexia, and HIV-infection, although low phenylalanine values have been described in severe protein de®ciency (Holt et al, 1963) . Branched-chain amino acids are usually low in most malnourished states except for starvation and marasmus (Jackson & Grimble, 1990; Soliman et al, 1992) . Alanine and glutamine are usually low in malnourished individuals (Hortin et al, 1994; Chin et al, 1992) , but high-normal in anorexia and marasmus (Halmi et al, 1987; Soliman, 1992) . Sulphur amino acids are generally low in malnourished individuals, but only cystine seems to decrease in anorexia, so the Met/Cys ratio is different to that in other malnutrition states (Roediger, 1995; Ghisol® et al, 1978) .
Conclusions
We conclude that a trend to hyperaminoacidemia is a common feature in our group of adolescents with anorexia nervosa. Although absolute amino acid values cannot play a signi®cant role in the assessment of nutritional status in this condition, the calculation of some ratios (Phe/Tyr, Met/ Cys and Gly/Val) and the graphical representation of relative values (molar fraction) may be useful. The plasma amino acid pro®le in anorexia nervosa demonstrates a rather different pattern to those of other severe malnutrition states, showing a marasmic pattern of balanced protein-energy undernutrition. Cystine and arginine may be considered limiting amino cids in adolescents with this disease, and the consequences of their de®cient concentrations for promoting oxidative damage should be further evaluated.
